Abstract -An annealing method capable of forming highly activated shallow junctions in Ge CMOS is still lacking. For the first time, nonmelt submillisecond laser spike annealing (LSA) is demonstrated to achieve high activation level, excellent diffusion control, and resulting low contact resistivity for both n-type and p-type Ge junctions when using P and B as the dopants, respectively. The thermal stability of the junctions activated by LSA is investigated. In addition, our results on Ge junctions and contacts are benchmarked systematically against published results using sheet resistance-junction depth (R s − X j ) plots and contact resistivity-dopant concentration (ρ c − N) plots.
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I. INTRODUCTION
A CHIEVING low resistance n-type shallow junctions and contacts remains a major challenge for Ge CMOS manufacturing [1] , despite significant advances that include: 1) high quality gate-stack [2] ; 2) strain engineering [3] , [4] ; and 3) device architectures [5] . The n-type dopants (P, As, and Sb) in Ge suffer from high diffusion and deactivation due to the strong Coulomb interaction between donors and point defects [6] . In contrast, B in Ge is not a difficult system in terms of activation and diffusion control. As summarized in Table I , conventional ion implantation followed by rapid thermal annealing (RTA) or spike annealing (i.e., solid phase epitaxy, SPE) only shows satisfactory results for the p-type junctions [7] - [10] . Despite the enhanced activation of the n-type dopant in the melting regime using nanosecond laser annealing (i.e., liquid phase epitaxy, LPE) [11] , [12] , the reported results for B-doped junctions by LPE process are not satisfactory due to strong B-O interaction [13] . Since the n-type and p-type junctions are subjected to comparable thermal budgets during CMOS fabrication process, a common dopant activation technique is preferable. In this paper, submillisecond laser spike annealing (LSA) is proposed as the ideal method for the formation of shallow n-type and p-type junctions in Ge CMOS. In addition, different implant species (n-type: P and As and p-type: B and BF) are compared to investigate the effectiveness of activation using LSA, along with the thermal stability test by adding a postannealing step. Due to the strong Fermi level pinning (FLP) and low activation level, contact resistance is much more critical for Ge nMOS compared with pMOS [14] . In this paper, we achieved a low contact resistivity (ρ c ) of 2.5 × 10 −8 · cm 2 on n + −Ge with direct Ni contact, thanks to the high P dopant activation using LSA, whereas ρ c of 1.6 × 10 −8 · cm 2 is obtained for the p-type counterpart using LSA as well.
II. EXPERIMENTS
Experiments were performed on (100) the p-type and n-type Ge wafers, with a back ground concentration of ∼5 × 10 17 cm −3 and ∼3 × 10 17 cm −3 , respectively. The implantation conditions and the resulting amorphous layer thicknesses are listed in Table II . The LSA was performed at Ultratech Inc. by employing the LSA system, which is capable of generating peak temperatures ranging from ∼750°C to ∼900°C for 0.4 ms using a CO 2 laser radiation source. The laser beam width was set at 1 cm. The substrate standby temperature is 200°C. For comparison, dopant activation using RTA for 10 s was carried out in a N 2 ambient with a ramp-up rate of 50°C/s, at peak temperature of 650°C and 800°C for the n-type and p-type junctions, respectively. The values of sheet resistance (R s ) and specific contact resistivity (ρ c ) were measured by four-probe refined transfer length method (RTLM) [8] , [15] . Mesa etch for a depth of ∼500 nm was performed using a 10-nm Al 2 O 3 hard mask. Then, the sidewall passivation was carried out using plasma O 2 oxidation followed by atomic layer deposition of 10-nm Al 2 O 3 at 250°C. After defining the contact area by lithography and removing the Al 2 O 3 by BOE, the metal contacts (160-nm Ni/Ge or 160-nm Ni/3-nm Ti/Ge) were formed by lift-off process using e-beam evaporation. No germanidation annealing was applied. Chemical concentration depth profiles of P and B were studied by time-of-flight secondary ion mass spectrometry, whereas the profiles of As were obtained using SIMS, done at EAG Laboratories. Cross sectional transmission electron microscopy (XTEM) and X-ray diffraction (XRD) were used to investigate any possible residual end-ofrange (EOR) defects after LSA and RTA.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1 . SIMS profiles of samples implanted with (a) P at 27 keV, (b) P at 3 keV, and (c) As at 6 keV before and after LSA. Arrows: changes of the profiles with increasing annealing temperature.
III. Ge SHALLOW JUNCTIONS

A. n-Type Junction
The junctions implanted with P at high energy (27 keV) were first used to optimize the annealing condition. Fig. 1(a) shows the P depth profiles of the as-implanted and activated samples. The P diffusion toward the surface increases with annealing temperature, resulting in dose loss and the decrease of peak concentration, but the dopant diffusion is still found to be very limited due the short dwell time of 0.4 ms. The sheet resistances measured by RTLM are shown in Fig. 2 (a) as a function of annealing temperature. The activation of P increases with temperature but decreases for the highest annealing temperature (914°C). While the P profiles after LSA at 883°C and 914°C are almost identical [ Fig. 1(a) ], the decrease of P activation is thus attributed to solid solubility roll-off at high temperature [16] instead of dose loss from P out-diffusion.
Then, P and As were implanted at similar projected range to investigate the behavior of shallow junction. Comparing the SIMS profiles in Fig. 1 (b) and (c), As shows higher diffusion toward the substrate than P for similar annealing conditions. A box-like profile due to concentration-enhanced diffusion [an (n/n i ) 2 dependence for the n-type dopants in Ge [6] , where n i and n are the intrinsic and free carrier concentrations] is seen for As after LSA at 860°C. Still, the junction depths (X j ) are slightly shallower for the samples implanted with As due to reduced ion channeling. Compared with the deep junction implanted by P [ Fig. 1(a) ], the shallow junctions suffer greater dopant out-diffusion for both species [P in Fig. 1(b) and As in Fig. 1(c) ]. For the deep junction, the dose loss is ∼13% after annealing at 883°C, of which the values increase to ∼21% and ∼22% for the shallow junctions implanted by P and As and annealed at 859°C and 860°C, respectively. The enhanced dose loss for shallow junction is probably due to the proximity to the surface, which leads to higher likelihood of vacancy injection. From the RTLM measurement results shown in Fig. 2(b) , the shallow junctions implanted with P exhibit lower R s than those implanted with As for all the LSA conditions. Considering X j , the activation level of P is still higher than As after LSA, as will be discussed in Fig. 4 . It is concluded that P is more suitable for the formation of abrupt junction in Ge by LSA due to low diffusivity and high solid solubility. Junction sheet resistance (R s ) as a function of junction depth (X j ) for various n-type junctions in Ge. Trend lines are calculated using ideal box-like profiles with a certain active doping concentration (N act ) for Si and Ge. Solid symbols: use of nonmelt annealing methods that induce SPE [19] - [21] . Open symbols: use of melting laser that induces LPE [11] , [22] . No process details were given in [14] (⊕).
The XTEM images for the P-implanted deep and shallow junctions are shown in Fig. 3(a) and (b) , respectively. There is no evidence of any residual extended defectivity around the original amorphous/crystalline (a/c) interface, indicating the effectiveness of LSA.
The results of the n-type junctions are benchmarked in Fig. 4 against published results and the ITRS targets [17] by plotting R s as a function of the junction depth X j . The junction depth is defined as the depth at which the chemical doping concentration falls below 5 × 10 18 cm −3 . The trend lines for Si and Ge are calculated using ideal box-like junction
where R s ( /sq.) is the sheet resistance, q is the elementary charge, μ (cm 2 /V · s) is the doping-dependent carrier drift mobility [18] , and N act (cm −3 ) is the active carrier concentration. As shown in Fig. 4 , the activation level of P is higher than As for the shallow junctions obtained in this paper. The junctions annealed by LSA offer higher and comparable activation level to those using the state-of-the-art nonmelt millisecond annealing (SPE) [19] - [21] and melting laser annealing (LPE) [11] , [22] , respectively. High P dopant activation >1 × 10 20 cm −3 is achieved for the deep junction with excellent diffusion control using LSA [ Fig. 1(a) ], but the activation for shallow junction becomes less effective and will need further improvement.
B. p-Type Junction
The activation of B has been demonstrated to be significantly enhanced through SPE with almost no diffusion, despite the low solid solubility of ∼5 × 10 18 cm −3 [23] . Fig. 5(a) shows the B depth profiles for the Ge preamorphization (PAI) + B samples before and after LSA for 0.4 ms. Only a very slight diffusion (<2 nm) toward the surface is observed after the SPE induced by LSA. The sheet resistances measured by RTLM after LSA and RTA (800°C and 10 s) are shown in Fig. 6 . For the PAI + B samples, low values of R s can be obtained using either LSA or RTA, independent to the annealing temperature and time (0.4 ms or 10 s). This means high B activation can be achieved as long as the SPE is complete, and the activation level of B remains high (without deactivation or diffusion) even when using an activation scheme with high thermal budget. From the XTEM image shown in Fig. 7(a) , virtually no defects are observed around the original a/c interface.
For comparison, BF implantation was also investigated, because it can lead to a more cost-effective process with its heavier mass, which allows the use of higher energy for a shallower B range distribution. Previously, we showed that the junctions implanted with BF offered higher performance than those implanted with B and BF 2 due to SPE and low F concentration, respectively [24] . From the SIMS profiles shown in Fig. 5(b) , there is a very slight diffusion Fig. 7(b) ], and, in contrast, no remaining defects are found after annealing at 800°C for 10 s by RTA [see Fig. 7(c) ]. In our previous work, an EOR defect band was also observed for the sample implanted with BF followed by annealing at 600°C for 10 s [25] . It seems that the EOR defects are more stable in the presence of F in Ge, which require a higher thermal budget to recover. Moreover, using RTA at 800°C instead of LSA helps to reduce R s for the BF-implanted samples (Fig. 6) , which is likely due to breaking the inactive B-F complexes [24] , [25] . These findings are supported by the XRD (004) spectra measured from the samples implanted by PAI + B and BF after LSA (see Fig. 8 ). The BF-implanted junction is seen to have a lower amount of substitutional B (i.e., activated B), which is proportional to the level of tensile strain, and the residual EOR damage after LSA is observed, as indicated by the interstitial-induced compressive strain [25] . In addition, the ion channeling effect is more severe when using BF compared with PAI + B, resulting in a deeper X j . Our results indicate that PAI + B is still favored in terms Junction sheet resistance (R s ) as a function of junction depth (X j ) for various p-type junctions in Ge. Trend lines are calculated using ideal box-like profiles with a certain active doping concentration (N act ) for Si and Ge. Solid symbols: B implantation without PAI treatment. Open symbols: PAI + B followed by activation annealing that induce SPE ( ) and LPE ( ). of activation and X j . However, high energy PAI may not be applicable for fin or nanowire structures, where complete recrystallization can be difficult; so BF implantation is still an interesting alternative method.
The results of the p-type junctions are benchmarked in Fig. 9 , using the same fashion as in Fig. 4 . Trend lines for ideal box-like profiles calculated by (1) are added. B-doped junctions with PAI can achieve higher performance than those without PAI due to SPE [18] , [23] , [26] . The nonmelt LSA is shown to be a better annealing method than melting laser [22] , [27] in terms of dopant activation.
IV. LOW RESISTANCE METAL/Ge CONTACTS
Due to high Schottky barrier (φ b ∼ 0.6 eV) and FLP, ρ c for n-Ge strongly depends on the dopant activation level [28] . Fig. 10 shows the RTLM resistance as a function of the gap between two metal contacts. In Fig. 10(a) , a significant decrease of contact resistance (i.e., the y-intercept) is seen in n + -Ge activated by LSA compared with RTA due to enhanced activation level (1.8 × 10 20 cm −3 versus 3.1 × 10 19 cm −3 , estimated by using depth profiles, R s , and a doping-dependent mobility model). The RTLM data for the shallow n-type junctions are shown in Fig. 10(b) . The junction implanted by No process details were given in [14] [⊕ in (a)].
P shows lower contact resistance than that implanted by As. The extracted ρ c 's are shown in Fig. 11 for different dopants and contact metals. For the n-type junctions [ Fig. 11(a) ], low ρ c of 2.5 × 10 −8 ·cm 2 is obtained for the deep junction, whereas ρ c of 2.8 × 10 −7 · cm 2 is obtained for the shallow junction counterpart due to the lower activation at surface. The results are benchmarked in Fig. 12(a) [29] , [30] or possibly by germanidation [31] . Note that the ability of MIS contacts for ρ c reduction is still an open question for highly activated junctions [32] , [33] .
In contrast, low ρ c is not difficult to achieve on p-Ge with the intrinsically low φ b < 0.1 eV. Still, the ρ c for the p + -Ge junctions using PAI + B is lower than those using BF due to higher active faction of B [see Fig. 11(b) ]. The results are benchmark in Fig. 12(b) . Compared with the Ni contact used in this paper, NiGe is very promising for achieving extremely low ρ c for p + -Ge [8] .
V. REMAINING CHALLENGES
The current backend processing temperature of Si FinFETs is usually above 400°C [27] , which may be incompatible with Ge device. The poor thermal stability of the highly activated laser-annealed Ge n-type junctions has been reported (nonmelt [34] and melting [35] ). In this paper, the thermal stability of the shallow junctions activated by LSA is studied by comparing the values of R s before and after postannealing in a N 2 ambient at 420°C for 3 min. As shown in Fig. 13(a) , P deactivation is observed after postannealing, whereas further diffusion is likely for As. In contrast, the activation of B is not affected by postannealing [see Fig. 13(b) ]. Another challenge is to achieve higher activation level for ultrashallow n-type junctions (see Fig. 4 ). Oxide capping layer [36] or codoping (e.g., P + Sb [37] ) may be promising to suppress the increased out-diffusion for shallower junction.
VI. CONCLUSION
LSA is demonstrated to be a promising activation method for both n-type and p-type junctions in Ge CMOS, achieving high activation levels, low ρ c , and remarkable diffusion control when using P and B as the dopants. Our results are benchmarked systematically using R s -X j and ρ c -N plots compared with published results and the ITRS targets, demonstrating the effectiveness of LSA. Special attention should be paid to addressing thermal stability challenges in integrating highly activated n-type junction in Ge CMOS. 
